Abstract. Version-4 of the Goddard Earth Observing System (GEOS-4) General Circulation Model (GCM) was employed to assess the influence of potential changes in aerosols on the regional circulation, ambient temperatures, and precipitation in four selected regions: India and Africa (current paper), as well as North and South America (companion paper). Ensemble-simulations were carried out with the GCM to assess the aerosol direct and indirect effects, hereafter ADE and AIE. Each simulation was started from the NCEP-analyzed initial conditions for 1 May and was integrated through MayJune-July-August of each year: 1982-1987 to provide an ensemble set of six simulations. In the first set, called experiment (#1), climatological aerosols were prescribed. The next two experiments (#2 and #3) had two sets of simulations each: one with 2X and other with 1/2X the climatological aerosols over each of the four selected regions. In experiment #2, the anomaly regions were advectively restricted (AR), i.e., the large-scale prognostic fields outside the aerosol anomaly regions were prescribed while in experiment #3, the anomaly regions were advectively Interactive (AI) as is the case in a normal GCM integrations, but with the same aerosols anomalies as in experiment #2. Intercomparisons of circulation, diabatic heating, and precipitation difference fields showed large disparities among the AR and AI simulations, which raised serious questions about the proverbial AR assumption, commonly invoked in regional climate simulation studies. Consequently AI simulation mode was Correspondence to: Y. C. Sud (yogesh.c.sud@nasa.gov) chosen for the subsequent studies. Two more experiments (#4 and #5) were performed in the AI mode in which ADE and AIE were activated one at a time. The results showed that ADE and AIE work in concert to make the joint influences larger than sum of each acting alone. Moreover, the ADE and AIE influences were vastly different for the Indian and Africa regions, which suggest an imperative need to include them rationally in climate models. We also found that the aerosol induced increase of tropical cirrus clouds would potentially offset any cirrus thinning that may occur due to warming in response to CO 2 increase.
Introduction
From the sizzling hot tropics to the frigid cold high latitudes, one finds large temperature extremes that are greatly exacerbated by intrinsic natural variability of weather and climate systems and the annual cycle of solar irradiation. However, humans too exhibit the remarkable ability to endure as well as engineer their living environments to cope with weather and climate changes without much seasonal migrations. Therefore, it is rational to wonder how warming of a few degrees Celsius, as projected for the doubled CO 2 environment, could be so catastrophic for human survival and why global warming is causing so much anxiety among so many people of the world? Its primary reason is Published by Copernicus Publications on behalf of the European Geosciences Union. 3990 Y. C. Sud et al.: Atmospheric aerosols in selected regions -Part 1 that a rise in near-surface temperatures not only melts permanent ice-cover and glaciers in the vulnerable regions of the Earth and causes the sea-level to rise and flood some of the coastal areas, but the global warming also interacts with the moist-processes of the atmosphere, modulates the circulation patterns, changes the precipitation climatologies, and can lead to water cycle hazards in several regions (IPCC, 2007) including the semi-arid. Changes in the SST patterns and associated near-surface atmospheric humidity can reorganize the Hadley and Walker cells as noted in recent GCM simulations Vecchi et al., 2006) as well as corroborated in the analyses of the 20-30 years analyzed and satellite data (e.g., Hu and Fu, 2007) . A similar response of the Hadley cell was also evidenced in the warmer early Pliocene (Brierley et al., 2009 ). For warmer SSTs, both storms and precipitation intensities can get invigorated (Del Genio et al., 2007; Sud et al., 2008) ; hurricanes too can become more intense (Webster et al., 2005) , and quasi-permanent changes in the global water cycle are likely to ensue (Hulme et al., 1998) . Indeed, such changes have the potential of creating millions of environmental refugees (Renaud et al., 2007) .
Recently, aerosol particulates have been associated with a myriad of health hazards (e.g., Knox, 2008; Whitsel et al., 2009; Smikhovich et al., 2008) ; however, the influence of aerosols on the distribution of radiative energy in the atmosphere and at the surface has long been recognized (Ångström, 1929) . Atmospheric aerosols reduce the surface heating by the well known dimming effect by scattering and absorption of the radiant energy. According to Andreae et al. (2005) , atmospheric aerosols can mitigate the global temperature rise attributable to increase of greenhouse gases by ∼30-50%. More recently, magnitudes of aerosols radiative forcing, particularly those of soot aerosols in highly polluted regions, are found to approach that of the 20th century rise in the greenhouse-gas concentrations (Charlson et al., 1992; Shindell and Faluvegi, 2009) ; some studies suggest that at the regional scales, aerosol-forcing can be even larger . Nevertheless, Lau et al. (2006) and Kim et al. (2009) showed that the manner in which aerosols influence the surface evaporation, convective precipitation, diabatic heating and circulation is quite different from that of the well-mixed greenhouse gases. They showed that anthropogenic aerosols have the potential to introduce complex anomalies in the circulation and precipitation climatology thereby creating hazardous new hot spots in the watercycle. In addition, aerosols influence the optical properties of clouds by modulating the cloud particle number concentration (CPNC) via their role as cloud condensation nuclei (CCN) or ice nuclei (IN) that in turn affect the cloud lifetime (Albrecht, 1989) as well as alter the vertical stability of the column atmosphere (Hansen et al., 1997; Ackerman et al., 2009; Kim et al., 2009 ). These works suggest that the aerosol impacts need to be studied much more extensively for their effect on atmospheric dynamics that goes well beyond a large number of in situ studies of the local influence of aerosols on clouds and radiation (e.g., Rosenfeld, 2000 , and scores of others).
An ever growing human population and increasing land use also promote desertification (Hill et al., 1998) . These in turn cause dust and mineral aerosols to be lifted and transported by winds. Observational data show that anthropogenic aerosols have increased sharply over Asia and Africa (Sato et al., 2003; Massie et al., 2004; Bollasina et al., 2008) . Satellite data reaffirm that high aerosol amounts envelop vast regions of the tropics spanning over most regions of China to the foothills of the Himalayas and extend as far south as the Arabian Sea (Prasad et al., 2004; Girolamo et al., 2004; Ramanathan and Ramana, 2005; Chylek et al., 2006; Liu et al., 2007) . One often finds clouds of aerosol over India and Southeast Asia that persist throughout the year. Ramanathan et al. (2001) coined the acronym ABC for Atmospheric Brown Clouds in tropical regions. For a comprehensive discussion of the aerosol sources and concentration, see Gradel and Kutzen (1993) and Kimberly et al. (2008) . Several recent studies showed that the aerosols potentially affect weather and climate of different regions (Lohmann and Fitcher, 2001; Menon et al., 2002; Myhre et al., 2007; Nakajima et al., 2007; Takamura, 2007; Meehl et al., 2008 , Lau et al., 2009a Krishnamurti et al., 2009) .
The influence of atmospheric aerosols has been segregated into the "so-called" direct and indirect effects. The aerosol direct effect (hereafter ADE) is caused by the optical effects of aerosols on the radiative fluxes. The key optical properties are the aerosol co-albedo representing aerosol absorption, aerosol asymmetry factor representing the angular distribution of the scattering of solar radiation, and the aerosol optical thickness. The ADE reduces the solar radiation transmitted beneath the aerosol-layer(s) by absorbing as well as reflecting the incoming solar radiation (Satheesh and Ramanathan, 2000) . Thus ADE cools the surface of the Earth and decreases the surface fluxes into the planetary boundary-layer (PBL) whereby the moist static energy (MSE) of the PBL is reduced. Since the PBL top often serves as the cloud sub-layer, reduced PBL MSE leads to reduced moist-convection, a primary precipitation process in the tropics (Sud et al., 1999c) . In addition, when a typical moist convective plume reaches an atmospheric layer warmed by aerosols, it encounters a temperature inversion that suddenly starts to diminish the cloud buoyancy; and, if the buoyancy vanishes, the cloud plume detrains. By absorbing the solar radiation aloft and cooling the near-surface, the aerosol layer acts as an Elevated Heat Pump (EHP), a term coined by Lau et al. (2006) for the aerosol impact on JJA precipitation over the Indian subcontinent. Kim et al. (2009) showed how ADE over West Africa and eastern Atlantic Ocean lead to a Walker-like circulation forced entirely by aerosol induced warming (cooling) of the atmospheric temperature structure over land (ocean). How do these changes effect the largescale circulation and precipitation? These questions are at the Y. C. Sud et al.: Atmospheric aerosols in selected regions -Part 1 3991 forefront of the ongoing modeling research (e.g., Lau et al., 2006 Lau et al., , 2009a Krishnamurti, 2009; Kim et al., 2009 ) and several observational data analyses (Huang et al, 2009; Satheesh et al., 2008; Lau and Kim, 2007; Lau et al., 2009b) .
The second major impact of aerosols is the "aerosol indirect effect" (hereafter AIE). Development of AIE concepts can be traced back to the pioneering works of Towmey (1959) . A comprehensive understanding of the influence of aerosols on the precipitation microphysics and cloud lifetime are relatively recent (Albercht, 1989) . Overall, AIE impacts CPNC and hence the cloud particulate-size distribution, as well as the precipitation microphysics. Together they determine the cloud optical properties. Sea-salt and most sulfate aerosols serve as CCN while some fewer (e.g., black carbon and mineral dust) serve as agents of ice nucleation (IN). Recent studies show that ammonium sulfate and a few other aerosols also serve as agents of both CCN and IN. According to the first principles of aerosol nucleation as CCN/IN, larger aerosol concentrations produce more aerosol activations, which lead to more CPNC and reduced cloud particle size (Hobbs, 1999; Nenes and Seinfeld, 2003; Liu and Penner, 2005) . Smaller cloud particles take much longer to coalesce into precipitation-size hydrometeors. Thus more (less) aerosols reduce (increase) precipitation efficiency and increase (decrease) the life-time of liquidclouds. More cloud particles produce higher optical thickness, higher cloud albedo, and reduced solar radiation reaching the surface; that in turn reduces the PBL MSE, which is akin to the ADE discussed earlier. Mixed phase clouds are an exception, there increasing the IN sometimes create sufficient ice clouds that grow by deposition drawing water vapor from the liquid clouds and that can initiate ice-phase precipitation.
Activated aerosols get trapped as CCN/IN inside the cloud particles that coalesce to form precipitating hydrometeors. As they fall, the precipitating hydrometeors further scavenge and collect the freely floating aerosols and slowly falling smaller hydrometeors including cloud drops. In this way, precipitation processes remove the atmospheric aerosols. Accordingly, it is a common observation that the atmosphere is less turbid after a rain-storm. Nevertheless, as long as aerosol sources are present and atmospheric transports are ample, aerosols regeneration time-scale is of the order of a few days.
Several competing factors influence the effects of aerosols on atmospheric circulation and precipitation. These include ADE, AIE, cloud-radiative forcing, precipitation efficiency and cloud life-time. ADE influences may be smaller than AIE in one scenario, but quite the opposite in another. For example, in a cloud free atmosphere, AIE is absent while aerosols are more abundant; hence all aerosol-effects are due to ADE (Liu et al., 2007) . In a cloud-overcast case, there are much fewer interstitial aerosols; consequently, the AIE effectively masks ADE except when the aerosols are above the clouds (Podgorny and Ramanathan, 2001; Chand et al., 2009 ). Aerosol processes also affect the vertical temperature profile of the atmosphere that in turn influences the dynamics and thermodynamics of clouds and onset of moist convection. Together, these modulate vertical distributions of mass and moisture convergence, further affecting the distribution of moist convection and cloud cover. The net outcome is a non-linear 3-dimensional response with intrinsic feedbacks. Lau et al. (2006 Lau et al. ( , 2009a assessed and explained how ADE impacts the vertical stability of the atmosphere and thereby the moist convection. Lau et al. (2009a) also showed that atmospheric heating by absorbing aerosols would strengthen the West African monsoon through the water-cycle feedbacks. The study employed the NASA GEOS-4 GCM with the same cloud physics, but without AIE. Among other recent successes of GEOS-4 GCM with AIE are realistic simulations of the behavior of winter season precipitation over northwest India due to the influence of Bombay plumes (Krishnamurti et al., 2009 ). The successes cited above motivated us to examine the influence of aerosol on the tropical and subtropical atmosphere as well as to determine the relative contributions of ADE and AIE on the circulation and precipitation.
GEOS4 GCM and McRAS-AC
Version-4 of the Goddard Earth Observing System (GEOS-4) atmospheric general circulation model (GCM) with aerosol cloud interaction physics was used for simulating the aerosol direct and indirect effects. GEOS-4 GCM is a grid point model with finite volume algorithms for advection (Lin, 2004; Lin and Rood, 1996) . It employs a horizontal resolution of 2.0×2.5 degrees in the latitude×longitude directions and 55 levels in the vertical with hybrid co-ordinates using sigma (near surface) and pressure (above) levels. The GCM originally had the NCAR CCM3 physics (Kiehl et al., 1996 (Kiehl et al., , 1998 ; however, CCM3 cloud-physics was replaced with McRAS (Microphysics of clouds with relaxed ArakawaSchubert Scheme) following Sud et al. (2006) . McRAS was formulated by Sud and Walker (1999a, b) and subsequently improved to address some specific simulation deficiencies (Sud and Walker, 2003, 2004) . More recently, McRAS was upgraded to include a comprehensive AIE parameterization with a new precipitation microphysics developed for a coarse resolution model (Sud and Lee, 2007) . Consequently McRAS with the aerosol cloud interaction upgrades was renamed McRAS-AC. McRAS-AC currently uses five aerosol species, viz., black carbon, sulfate, dust, organic carbon and sea salt, but its AIE-algorithms are general enough to use any number of aerosols as long as their chemical properties are known a priori. Simultaneously, the radiation modules of NCAR CCM3 were also replaced with those of Suarez (1994, 1999 ) that use Chou et al. (1998) species. The aerosol data are in the form of monthly aerosol fields simulated with the Georgia Institute of TechnologyGoddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) model (Chin et al., 2002 ) that was forced with available aerosol emission data and analyzed wind fields for advection (Ginoux et al., 2001; Nakajima, 2002) . The data has been extensively validated against the satellite and other in situ observations (Ginoux et al., 2001; Nakajima, 2002; Chin et al., 2004) . The single scattering albedo and asymmetry factor of aerosols are a function of speciation, particle size, and ambient humidity. The GO-CART aerosol data has five aerosol-species. Latitude height distribution of aerosol optical thickness for different aerosol species is shown in Kim et al. (2006) . For AIE, the internally mixed monthly-mean aerosol climatologies of the Model for Integrated Research on Atmospheric Global Exchanges modeling system (MIRAGE) were used (Easter et al., 2004) . The monthly aerosols data was linearly interpolated to provide daily data for each aerosol at each GCM grid cell. The AIE subroutines bundle of McRAS-AC is shown in Fig (2001) for a coarse resolution GCM, and iv) Khvorostyanov and Curry (1999a, b) parameterization of cloud particle effective radii. The AIE parameterization solves for CPNC, cloud optical properties via the effective radius of cloud particles and cloud mass fractions.
Simulation experiments
Five sets of simulation experiments were conducted. Each simulation was initialized with NCEP analysis data (Kalnay , 1996) interpolated to the GEOS4 GCM grid for 1 May for each of the six simulated years: 1982 through 1987. All simulations were integrated to 31 August of the simulated year to provide data for June-July-August (JJA); the first month (1-31 May) of integration was ignored as a period of initial adjustment to the imposed aerosol anomalies and intrinsic model biases. All simulations used the prescribed SSTs based on the analyzed data produced by the Hadley Center (Reynold et al., 2002) . Recent increases in the concentration of tropical aerosols are a consequence of anthropogenic activity, viz., increasing biomass burning, fossil fuel usage, and industrial development. It is happening at a disconcerting rate in many countries in subtropical Africa, Indian subcontinent, and southeast Asia. In this study, we focused on the two selected regions: Africa and India even though four anomaly regions were prescribed as shown in the top panel of Fig. 2 . The other two regions are analyzed in a companion paper (Wilcox et al., 2009) . These regions can be expected to yield large year-toyear aerosol-variations in response to anthropogenic activity with its sporadic variations as well as the weekly cycles (Bell et al., 2008) . In fact the aerosol pollution levels in majority of the regions could get worse if anthropogenic activity continues to grow unabated; alternatively, it can get better with more stringent controls and regulations (George et al., 2008) . The lower two panels of Fig. 2 give an overview of the aerosol optical thickness over the selected regions of Africa and India, which represents a broad measure of column integrated aerosol mass concentration, and CCN in the PBL. A factor of two increase and/or decrease in the aerosol mass concentration was adopted for the sensitivity simulations of the study. These aerosol-anomalies are rather extreme; nevertheless they are plausible, perhaps defensible too, because observations show a 6-fold increase in fossil fuel related SO 2 and black carbon since 1930 .
The simulation experiments are listed in Table 1 . The first experiment was a set of six baseline simulations with climatological aerosols taken from GOCART data for externally mixed and MIRAGE data for internally mixed aerosols with both ADE and AIE turned on. It has an ensemble of six GCM simulations each of which started on 1 May and was integrated through 31 August for each of the six simulated years: 1982-1987. In the next two sets of experiments (#2 & #3), aerosols were assumed to be two times (2X) and half times ( 1 / 2 X) the aerosol climatology in each of the four aerosolanomaly regions broadly called Africa and India, and North and South America (Top panel, Fig. 2 ). These two experiments were used to assess the JJA response to advectively restricted dynamics (AR) versus advectively interactive dynamics (AI) with identically prescribed aerosol-forcings. In AR, the prognostic fields, viz., zonal and meridional winds, temperature, specific humidity, and cloud mass-fraction and specific cloud-liquid water were prescribed at the boundaries of the aerosol anomaly regions every six hours from the corresponding baseline simulations. The circulation and precipitation anomalies in the chosen regions showed that the biases introduced due to the AR assumption, which is often invoked in regional simulations with high resolution, were too large to ignore. Finally, two more experiments # 4 and #5 were conducted by repeating experiment #3 with aerosol changes (2X or 1 / 2 X) for ADE and AIE turned on one at a time. These experiments helped to distinguish between the direct and indirect effects of aerosols
Results
For ADE, aerosols interact with both shortwave and longwave radiation. The dust aerosols in our simulations had a single scattering albedo (ω) of 0.94 as opposed to study in which ω was 0.88 that assumes significant black carbon coating of dust. In more recent observations, ω for dust over highly polluted regions is close to 0.88, but the value of 0.94 may be more relevant to large regions involving huge amounts of Saharan dust. The single scattering albedo has a strong effect on the strength of the elevated heat source and its influence on circulation and precipitation as an EHP. We examined the regional influences of aerosol-perturbations in advectively restricted (AR) simulations vis-a-vis the corresponding advectively interactive (AI) simulations. The comparison suggested the AI methodology for assessing the regional impacts of aerosols on climate. We also compared the influences of ADE and AIE, separately as well as jointly, using the simulation-experiments outlined in Sect. 3.
Advectively restricted versus advectively interactive simulations
The changes in precipitation, moisture convergence, and precipitable water in the atmosphere due to aerosol anomaly (2X minus 1 / 2 X) for advectively restricted (AR) environment (experiment#2) and advectively interactive (AI) environment (experiment #3) are shown in Fig. 3 . The differences for AR (Fig. 3a) appear only over the aerosol-anomaly regions (see Fig. 2 ) because all the prognostic forcing fields outside the anomaly regions were prescribed. Doubling the aerosols reduced the precipitation and moisture convergence almost everywhere except at the boundaries of the aerosol-anomaly regions. This is a consequence of the aerosol-induced radiative cooling, which yields moisture divergence from regions of reduced diabatic heating. Typically, for regions of strong moist-convection and cloud-cover, but without a high concentration of aerosols, the AIE dominates the ADE, which features strongly in the total outcome as seen in the top panel of Region 2 (Fig. 3a, b) . This result is consistent with Lohmann and Feichter (2001) . In the AR simulations, the differences in column moisture convergence between the combined ADE and AIE cases versus the AIE only cases were much smaller because the prognostic fields, particularly the moisture flux transports, outside the boxed regions were virtually the same, i.e., prescribed from the baseline simulations. This caused some spurious moisture convergence with excessive precipitation at the boundaries of the experimental regions that bore the brunt of the reduction of moisture flux convergence inside the aerosol anomaly regions. To determine if AR simulations can isolate the ADE and AIE effects, simulation sets of experiment #2 were repeated with AIE alone (not shown in Table 1 ). Similarity between Fig. 3a and c shows that the aerosol anomaly regions are totally overwhelmed by the large-scale forcing rendering the simulations unfit for even distinguishing between the AIE and ADE on rainfall. This further confirms the inability of the AR simulations to address the local climate change problems. The corresponding AI simulations show much larger differences in the precipitable water associated with more cloud water in the northern latitudes (Fig. 3b, left panels) . This is consistent with suppressed convection and reduced precipitation in the anomaly regions. The corresponding precipitation, moisture convergence and precipitable water patterns are quite different in simulations with only AIE made active (Fig. 3b , right panels).
Indeed there is no similarity between the climate responses of aerosols in experiments 2&3, The stark differences among them not only appear at the boundaries of aerosol anomaly regions, but are present even in the interiors of the regions. The spurious circulation patterns in the AR vis-a-vis AI modes of assessment were evident in the 10 m wind vector differences as well (Fig. 4a, b) . Moreover, the AI simulations showed a strong feedback effect of aerosols on the global circulation and precipitation, which is debarred in the AR simulations. Moreover, large circulation anomalies in the AI case can be seen well outside of the aerosol anomaly regions in the 700 hPa and 300 hPa humidity fields and radiative forcing fields at the surface and top of the atmosphere (see Sect. 4.2 for details). Such differences suggest that regional simulation studies designed to assess the response to aerosols deploying constrained dynamics at the boundaries of the anomaly regions are unable to capture the appropriate circulation and precipitation anomalies associated with changes in aerosol forcing. One can safely generalize that limited area simulations for cases in which regional-scale circulation changes also interact and affect the large-scale fields will produce a spurious outcome.
Moist processes in aerosol anomaly experiments
Hereafter, we will deal with only the advectively interactive (AI) simulations. Table 2 shows regional moisture and energy flux anomalies for 2X minus 1 / 2 X aerosol anomaly simulations. Column 2 shows the results for the control case in which both AIE and ADE work together; Column 3 and Column 4 show their individual effects in each simulation experiment in which only one aerosol effect (ADE or AIE) is turned on while the other is turned off. The last column shows the differences, Column 2 minus the sum of Columns 3 and 4, which reflects the sum of non-linear interaction plus the outcome of random bias due to intrinsic variability of the model. However, the later is small on the scale of regional averages because of the large aerosol anomalies. Some inherent details of the corresponding regional differences can be seen in the relevant figures.
Water cycle anomalies
One goal of our research is to isolate the effects of ADE and AIE on clouds, cloud-radiative forcing, large-scale circulation and precipitation. Over Africa, the net influence of AIE and ADE was to reduce the precipitation by 17.9 and 3.87 mm/month respectively, and the precipitation reduction was 28.4 mm/month when acting together. The corresponding reductions in precipitation over Indian region are 27.8 and 0.5 mm/month, and 50.4 mm/month when acting together. In both regions the ADE and AIE interact so as to exacerbate the precipitation reduction. Larger AIE influences over the Indian region is reasonable because the cloudiness is high while the aerosol concentrations are lesser than those of tropical Africa. The moisture convergences are also correspondingly reduced but only about half as much as the precipitation. The rest is a consequence of reduced evaporation neglecting small changes in atmospheric water storages as water vapor and cloud water. Indeed, with only the ADE turned on, there was an increase in precipitation over northern India extending to the foothills of Himalayas together with some reduction in the middle part of the country with virtually no change in the region-wide precipitation. This feature of ADE response is consistent with EHP mechanisms discovered by Lau et al. (2006) whereby radiative heating of the lower troposphere over the Indo-Gangetic plain enhances convection over northern India. The results of our simulations are qualitatively consistent with the Lau et al. (2006) findings even though the structure and distribution of the imposed aerosol anomalies were significantly different in these studies. The column moisture convergence differences are consistent with the precipitation anomaly difference to further underscore the role of circulation and surface evaporation changes as equal contributors to precipitation changes. The bottom panel of Fig. 3b shows larger precipitable water in AIE-only experiments as a consequence of suppressed convection, which is evident in northern latitudes in both types of simulations suggesting suppression of convection even with higher relative humidity at 700 as well as 300 hPa (Fig. 9) . We are unable to explain how the precipitation in both ADE and AIE simulations increased in the northern plains, while it actually reduced in the coupled ADE and AIE simulations with a significant change in the precipitation pattern over India. The precipitation anomalies in ADE, and both ADE and AIE simulations were statistically significant at 99% confidence level over central and north India but not for the AIE (not shown). This also explains why the precipitation in AIE simulations over India does not align with the other two cases. Lack of statistical significance suggests how the mean precipitation in AIE is the primary cause of large values of non-linear interactions (by difference), seen in the last column of Table 2 . Fig. 4a . 2X minus 1 / 2 X aerosol anomaly effects on wind vector differences and convergences in 10 −7 s −1 (color shading in the background) in AR simulations with both ADE and AIE effects (left) and only AIE (right) turned on.
Evaporation and sensible heat fluxes
The sum of the changes in evaporation and sensible heat fluxes essentially equal the changes in the net surface radiation almost everywhere over land. This is valid for averages over Africa (Regions 1) and India (Region 2). The African region includes dry deserts to the north and wet rainy areas to the south, which roughly divide the region into half dry and half wet (see Fig. 5 ). Accordingly, the influences of aerosols on the surface fluxes of sensible and latent heat are also similar and consistent ( Fig. 5 ; also Table 2 ). The Indian region has more wet than dry areas; it shows much larger decreases in the evaporation as compared to the sensible heat flux. However, both surface fluxes are reduced over land in unison with reduced net radiation, whereas the sensible heat flux changes in the surrounding ocean are comparatively small. The increase in evaporation over the Indian Ocean is large even though the aerosol perturbations were limited to the land, therefore the evaporation increase is primarily the response to circulation changes (note also that the SSTs are prescribed in these simulations). It is a consequence of the large change in the surface winds (Fig. 4) . The net weakening of the monsoonal circulation causes anomalous north easterlies (evident in surface winds, a feature of winter circulation) to produce more evaporation into the drier air (Fig. 4b) . The change is of the order of 0.5 mm d −1 (or 15 W m −2 ).
Surface shortwave radiation anomalies
Net surface shortwave radiative forcing differences due to aerosols anomalies (2X minus 1/2X) are primarily limited to the anomaly regions and correspond well with the reduction of net shortwave absorbed at the surface. However, there is some spread of the radiative anomalies outside the aerosol anomaly regions as a result of changes in cloud cover, as well as moisture and cloud advection (Fig. 6, left panels) . Figure 2 shows that the African region has much larger aerosol loading, particularly north of the Sahel. Accordingly, the model simulated reductions in the surface shortwave radia- tion were 19.0 W m −2 due to the ADE, 17.8 W m −2 due to the AIE, and 34.8 W m −2 due to both the AIE and ADE. This represents roughly an equal contribution by ADE and AIE in response to the reduction of net shortwave at the surface. However, the corresponding ADE and AIE reductions for India are 10.8 W m −2 and 30.8 W m −2 , respectively, with the joint reduction of 34.1 W m −2 (see Table 2 ). This is very different from that for North Africa. First the aerosol optical thicknesses over India were smaller and so were its direct effects or ADEs. However, the monsoon season cloudiness is comparatively large and so is the corresponding AIE. Moreover, in a cloudy region AIE masks the ADE as is evident in the combined case. Why then the combined effect of all aerosols is so similar over Africa and India? This has to do with the overall constraint of shortwave heating. In the Tropics, the thermal and geopotential height gradients cannot be maintained because of weak Coriolis force. Therefore, regions of low (high) sea-level pressures correspond to warmer (colder) air columns, which result in rising (sinking) motions to increase (reduce) cloudiness and thereby produce a planetary albedo feedback in such a way that both regions receive about the same diabatic heating. This leads to similar overall planetary albedos and therefore similar short-and long-wave radiation absorption. Thus tropical clouds work like a thermostat and balance the solar forcing of the tropical regions so to get roughly similar diabatic heating over Africa and India. This is particularly true for Boreal summer because in the Boreal winter, solar heating, affected by surface albedo under relatively clear skies and adiabatic heating by subsidence regulate the temperature of the atmospheric column. The dynamic adjustments to temperature gradients at the aerosol-level are naturally invoked through EHP . The response is similar to that at the surface in the presence of geopotential-height gradients. The Indian monsoon season has large cloudiness in JJA with relatively small ADE due to significant aerosols removal by nucleation and scavenging. Consequently, the AIE effect over India dominates the net solar forcing (Fig. 6) . Thus, JJA clouds get adjusted to yield roughly similar planetary albedos and energy balance(s) over tropical land regions. Whereas the regional precipitation distribution is determined by the cloudscale dynamics, the energy budget including the condensation heating and thermal advection must equalize so as to yield similar net heating per unit mass of all the tropical air columns. Lack of geopotential height gradients in the tropics also lessen changes in the dry static energy by horizontal advection; therefore the remaining diabatic heating processes align to make the net energy received by the Earth Atmosphere system to remain similar over tropical land that has very little surface-energy storage as compared to the tropical oceans.
Shortwave radiation anomalies TOA
The net shortwave at the top of the atmosphere (positive downwards) is shown in the right panels of Fig. 6 . ADE and AIE anomalies reduce shortwave absorption by the Earth atmosphere system and cause more shortwave reflection into space. Again, the influence of ADE is much smaller than the AIE, which suggests that an increase in clouds and cloud optical thickness dominates the outcome particularly over India where aerosol optical thicknesses were comparatively lesser. Altogether, both ADE and AIE reduce the shortwave absorbed by the earth atmosphere system. This must equal the shortwave absorbed at the surface shown in the left panels with small changes in the shortwave absorbed in the atmosphere. The change in absorption is essentially an aerosol effect because the clouds do not absorb much. shown) amounts to 34.8 W m −2 reduction in shortwave absorbed at the surface. A similar budget analysis for India shows a 27.4 W m −2 reflection at TOA plus 6.7 W m −2 absorption essentially by aerosols (not shown) that equals 34.1 W m −2 reduction in shortwave absorbed at the surface. Despite much more carbonaceous aerosols over India, the aerosol absorption over India is only half of that over Africa that has huge Saharan dust load. Shortwave cooling at the surface for simulations with AIE plus ADE is less than the sum of the cooling for the two simulations with AIE and ADE applied separately. The leading cause of this difference (shown in the last column of Table 2 is an outcome of non-linear interactions) is that the AIE increases the cloud cover and reduces the clear-sky that contributes the bulk of the ADE when the two effects are combined. Therefore, in the ADE plus AIE simulations, the ADE contribution is lesser than that of the ADE-only simulations. The other fields for ADE and AIE are given in Fig. 6 and Table 2 . The differences for AIE alone are pretty similar for the surface and TOA shortwave. In other words the surface absorption deficit is due to increased reflection at the top. For ADE anomalies, there are small differences and those are attributable to the aerosol absorption.
Surface and TOA longwave radiation anomalies
Corresponding to lesser solar radiation absorbed at the surface, the net outgoing longwave at the surface (Fig. 7a) as well as the surface fluxes of heat and water vapor (Fig. 5) were reduced also; in fact, the reductions are roughly proportional ( Fig. 7a ; bottom panels). In the net surface longwave over Africa, the ADE reduction is larger than that of the AIE while its converse happens over India. We also know that high level cirrus clouds can reduce the longwave escaping at the top. Thus an increase of cirrus clouds over northern Africa (Fig. 7b) caused by the AIE produced the biggest effect on the longwave escaping to space; which is an AIE influence. We reiterate that the increase in high-level clouds is not an outcome of local aerosols; it is the result of aerosol and water vapor entrainment and subsequent deployment of aerosols as CCN/IN for clouds and precipitation in the convective plumes; in fact, both aerosols and water vapor are entrained at all levels traversed by the moist convective towers and the condensing water vapor work interactively to form cloud particles that micro physically convert into precipitation. Thus the persistent cirrus clouds simulated at high levels were an outcome of more aerosols activated as CCN/IN causing more CPNC, inefficient precipitation microphysics, and increased life-time of detrained cloudy anvils. Accordingly, AIE of high clouds dominated the longwave anomaly at the top of the atmosphere.
Surface and TOA net radiation anomalies
The apportionment of net radiation between the ADE and AIE over Africa is quite different from that of India. At the surface, AIE makes a larger percentage of the total aerosol influence (Fig. 8 ). This shows that cloud effect on solar transmission at the surface exert a dominant role on the overall outcome. The changes in the net radiation at the top of the atmosphere (TOA) again shows the AIE influence dominate the overall outcome over India but not over Africa wherein there is strong warming by net radiation. The ADE on the TOA net radiation was rather small. This is consistent with Lau et al. (2009a) who also show that TOA net radiation does not change substantially. Due to the aerosol albedo, the net shortwave into the atmosphere reduces, whereas the longwave absorption is mitigated by shortwave cooling. Therefore, the net radiation changes due to ADE were small for both Africa and India. Employing series of single column model simulations, Lau et al. (2009c) show that longwave attenuations are small for aerosol with co-albedo (1-ω 0 )<0.05. Thus for Africa and India, TOA long and short wave radiation fluxes are significantly affected by the cloud life cycle(s) modulated by the AIE. An increase in TOA net radiation north of Sahel, i.e., over subtropical Africa, showed increased cloud optical thickness and invigorated AIE. The ADE, on the other hand, is affected by the concentration of dust aerosols; its influence on increased shortwave reflection at TOA is mitigated by reduced longwave emission to yield a smaller net TOA radiation anomaly. Similarly, TOA net radiation reduces over northern India with roughly the same overall effect. Figure 9 shows wind vector anomalies and their statistical significance; we note that the most significant difference occur in areas of large wind anomalies. Wind anomalies simulated in AI experiments reveal that circulation anomalies extend far beyond the regions of prescribed aerosol anomalies. These could not be correctly inferred in AR simulations as discussed in Sect. 4.1. At 700 hPa, (Fig. 9 , bottom panel) the combined influences of ADE and AIE on wind field anomalies show weakening of monsoon circulation all the way to the Indian Ocean. Even though these wind-field anomalies are consistent with reduced precipitation, but they are not equal to the sum of ADE and AIE shown in the top and middle panels. This means either the non-linear interactions are so strong as to change the entire circulation patterns or there is high natural variability and consequently, the anomalies over India are not so meaningful. However, each of the panels for 700 hPa winds shows large areas with statistically significant responses at 99% confidence level. This means that the present outcome is robust and the behavior is due to the non-linear interactions largely. For winds at 300 hPa level, however, the ADE and AIE alone results must add up to the combined ADE and AIE simulations; but here too, there are regions where the superposition fails e.g., at the 30 degree latitudes of Indian region. However, in both regions and at both 700 hPa and 300 hPa levels, we see a larger influence of AIE over the ADE.
Wind anomalies at 700 and 300 hPa

Summary and discussions
In recent years, the greenhouse gases have increased globally whereas the atmospheric aerosols have increased locally in selected regions; both are an outcome of burning fossil fuels and/or biomass. The Goddard Earth Observing System (GEOS-4) General Circulation Model (GCM) has AIE as an integral part of McRAS-AC, which enabled us to perform simulations for systematic evaluations of the direct and indirect effects of aerosols.
In the first set of simulations or baseline experiment, present day aerosols were used in the GCM. A six-member ensemble was produced in which each run started from the analyzed initial conditions for 1 May of six different years: 1982-1987, and was integrated through 31 August of the same year. Subsequently, the baseline simulations were used to make perturbations to initial conditions to compute the natural variability of the ensembles. Four more simulation studies were conducted to determine the influence of ADE and AIE on the circulation and precipitation of the four selected regions. Each study involved two sets of experiments; one set had 2X and one set with 1 / 2 X climatological aerosols burden over the selected regions of India and Africa (current focus), as well as North and South America (companion paper). Allowing one month for initial adjustment, the JuneJuly-August (JJA) simulations were evaluated. In the first two experiments, the aerosol-anomaly regions were advectively restricted (AR) in one case and advectively interactive 4004 Y. C. Sud et al.: Atmospheric aerosols in selected regions -Part 1 (AI) in the other case. Comparison of circulation, precipitation, and diabatic heating anomalies showed large discrepancies in the AR case(s); we infer that AR approximations are unrealistic for assessing the real world aerosol anomaly scenarios that operate essentially under essentially AI.
Two more experiments in which doubling of ADE and AIE were invoked one at a time showed that ADE and AIE work in concert to make the combined influences larger than each individual. Nevertheless, ADE and AIE impacts were vastly different over the Indian and African regions. This demonstrated the need to include both ADE and AIE simultaneously and interactively in climate simulations. Our results also showed that sub-continental scale aerosol anomalies potentially impact circulation and precipitation on the global scale.
The precipitation microphysics and cloud life-time, both of which are related to the AIE processes, were reasonably captured by McRAS-AC as was evidenced in the increased cloudiness and reduced solar radiation simulated at the surface (Kerminen et al., 2005) . ADE mitigates the timeaveraged surface heating of the aerosol anomaly regions via the dimming effect of aerosol optical thickness . Whereas the influence of ADE on the atmospheric dynamics of the selected tropical regions was addressed by Lau et al. (2009a) who showed how aerosols affect the vertical stability of the atmosphere and its dependent EHP mechanism as one of the key players of the ADE response. Our simulations showed complimentary roles of ADE and AIE for influencing the climate change.
As to the potential of ADE and AIE to mitigate the CO 2 induced global warming, there are no simple answers. Whereas ADE and AIE would cool the near-surface temperatures, they also have the potential to produce unwarranted changes in the diabatic forcing of the global water cycle. Lau et al. (2006 Lau et al. ( , 2009c examined the ADE influences the Indian and African monsoon rainfall distributions. Recently, Zeng et al. (2009) inferred that increasing aerosols and associated IN would increase high-level cirrus that that is consistent with our simulations. If the finding to uphold, increasing aerosol effects would potentially offset some cirrus thinning by the deeper moist convection simulated in a doubled CO 2 environment . Nevertheless, there is a need to better understand the behavior of the aerosol induced changes in circulation, vertical stability, and precipitation before we can address the complexities of aerosol mitigation of global warming. Whereas water clouds are much better understood, complexities of nucleation of ice clouds still have unresolved problems. To date, it remains a topic of intense laboratory and field experiments. Hence nucleation of ice-clouds is a major obstacle for realistic parametrization AIE. However, in comparing results of AIE and ADE acting individually as well as jointly, sum of their individual influences is less than the joint influences. This suggests significant non-linear physical and dynamical interactions between the ADE and the AIE.
The results of the ADE and AIE on JJA climate of selected anomaly regions of Africa and India depend on the specification of the radiative and nucleation properties of aerosols, as well as microphysics parameterization of precipitation efficiency. A rigorous evaluation and testing of these findings in different models and validation of the feedback processes such as espoused by Bony et al. (2006) may be necessary to reduce the model-dependency of the present findings. Assuming that some of our inferences above are model dependent, we argue that the simulated responses reported here align well with the known behavior of the aerosol physics used in the parameterization of AIE and ADE. Nevertheless, the importance of large aerosol anomalies at the subcontinental scales that are seen in the observations data is expected to be a subject of extensive research for determining its influence on the circulation and precipitation locally as well as globally. A comprehensive model intercomparison exercise in future may shed more light on the extent of model-dependence of the inferences of this study.
